This paper demonstrated the applicability of electrospun P(3HB) film as a dye adsorbent agent. Malachite green (MG) was used as the model dye in this study. Interestingly, the electrospun P(3HB) film exhibited excellent dye adsorption capacity whereby 78% of dye was adsorbed from a 30 μM solution of MG. The film was further improvised by incorporating titanium dioxide photocatalysts to form a dual dye treatment system employing adsorption and photocatalytic degradation techniques. The resultant electrospun P(3HB)-50 wt% TiO 2 was capable of completely decolorizing MG in 45 min under solar irradiation, which corresponded to 58.7% COD removal. The fully decolorized MG solution also proved to be nontoxic against A. aegypti mosquito larvae. The reapplicability of this film was possible as it induced a decolorization rate of 98% or more at every usage for ten consequent usages. EDX analysis suggested that there were no significant changes in the concentration of titanium (Ti) in the film before and after ten times of usage. The concentration of Ti in cast P(3HB)-50 wt% TiO 2 film was found to decrease significantly during the repeated usage. The electrospun P(3HB)-50 wt% TiO 2 film has high potency as an efficient and inexpensive yet simple method for the dye effluent decolorization, degradation, and detoxification.
Introduction
Polyhydroxyalkanoate (PHA) is a biodegradable polyester that has gained much commercial interest over the years due to its thermoplastic, nontoxic, and renewable nature [1] . PHAs are stored intracellularly as energy storage inclusions by various bacteria during environmental stress [2] [3] [4] [5] [6] [7] [8] [9] . Of all the known PHAs, poly-3-hydroxybutyrate (P(3HB)) is the most common and widely studied. This highly crystalline polymer is synthesized by a large number of Gram-negative and Gram-positive bacteria [10, 11] .
In line with the ability of P(3HB) to absorb oil [12] , it was hypothesized that it might also possess the ability to form physical adsorption with dye molecules via hydrophobic interaction or simple Van der Waals. Our preliminary investigations proved this hypothesis to be true. Cast P(3HB) film was found to adsorb standard dyes such as methylene blue and rose bengale. This intrigued us to further study the dye adsorption capacity of P(3HB) film. It is evident from previous studies that the surface area of adsorbent plays a key role in determining the degree of adsorption [13, 14] . Therefore, electrospinning technique was adopted to fabricate nanofibrous P(3HB) film with high surface area to volume ratio. It generates ultrathin fibers when an electric field is applied to overcome the surface tension of a drop of polymer solution. A solution jet is ejected towards the collector as the electric field intensifies. Nanofibers are formed upon the evaporation of the polymer solvent [15] [16] [17] .
Although adsorption is an efficient method for dye effluent treatment, it merely transfers the dye molecules from its aqueous phase to a solid phase and generates secondary pollution [18] . Photocatalytic degradation of the adsorbate via advanced oxidation process could offer a complete solution for the removal and breakdown of dye pollutants for a more effective treatment. Therefore we incorporated TiO 2 photocatalysts into the electrospun P(3HB) fibers to form a film with dual treatment capability, that is, adsorption and 2 International Journal of Photoenergy photocatalytic oxidation. TiO 2 shows efficient catalytic efficiency and is chemically stable, cheap, and nontoxic [19, 20] . However, the recovery of this photocatalyst from its aqueous suspension is an expensive and time-consuming process [21] . The P(3HB)-TiO 2 composite film can altogether solve this problem by immobilizing the photocatalyst onto P(3HB) polymer matrix and allow its reapplication.
The model dye used in this study is Malachite green (MG), a triphenylmethane dye. MG has been used extensively in the leather, paper, silk, cotton, and jute dyeing processes. It is also used as an antifungal and antiprotozoan agent in fisheries and aquaculture industry [22, 23] . However, MG and its metabolites are known to cause mutagenic, carcinogenic, and teratogenic effects to living organisms [24] . Therefore it is crucial to completely remove this dye pollutant from the industrial effluents before entering the aquatic system. Various researches on MG adsorption using solid materials such as tamarind fruit shell [25] , hen feathers [26] , rice straw-derived char [27] , lemon peel [28] , and activated carbon [29] have been documented thus far.
In the current research, we are presenting the simultaneous adsorption and degradation of MG via P(3HB)-50 wt% TiO 2 electrospun film. The ability of MG adsorption by electrospun P(3HB) was tested followed by photocatalytic experiments using electrospun P(3HB)-50 wt% TiO 2 film. The reusability of the film in dye decolorization was also analyzed. The treated MG solution was subjected to chemical oxygen demand (COD) removal analysis and toxicity evaluation.
Experimental
2.1. Materials. P(3HB) (600,000 Da) was provided by PHB Industrial S/A, Brazil. The polymer was purified according to methods in [30] . Anatase form of TiO 2 (P-25) was provided by JJ Degussa Co., Malaysia. Chloroform (CHCl 3 ) and dimethylformamide (DMF) solvents of analytical grade were purchased from Sigma-Aldrich, Malaysia. The chemicals were used without further purification. MG solution (Mw: 364.90; Sigma-Aldrich) was diluted to 1000x before being used in the photocatalytic decolorization experiments.
Fabrication of P(3HB) and P(3HB)-TiO 2 Electrospun
Films. P(3HB) (4 w/v%) precursor solution was prepared by dissolving 4 g of the polymer in 100 mL of CHCl 3 /DMF mixed solvent at 8 : 2 ratio. P(3HB)-TiO 2 precursor solution was prepared by dissolving 4 g of TiO 2 powder in a similar 100 mL of 4 w/v% P(3HB) solution. Schott bottles with precursors containing TiO 2 were covered with aluminium foil during preparation and storage. The prepared solutions were magnetically stirred for 2 days at room temperature to reach homogeneity. These solutions were then heat-stirred at 55
• C for 2 h prior to electrospinning. Electrospinning process was executed using Esprayer ES-2000 (Fuence, Co. Ltd., Japan) at an applied voltage and extrusion rate of 15 kV and 40 μL min −1 , respectively. A glass syringe having an inner needle diameter of 0.5 mm diameter was used to load the precursor solutions. The distance between collector to needle tip was fixed at 20 cm. The electrospun fibers were deposited on an area of 5 cm diameter on the copper collecting plate. Each film was formed by electrospinning 5 mL of the respective precursor solution. All films were vacuum dried for a day to remove residual solvent and stored in the dark prior to usage in photocatalytic experiments. Figure 1(a) exhibits the surface morphology of electrospun P(3HB)-TiO 2 electrospun film.
Fabrication of P(3HB) and P(3HB)-TiO 2 Solvent Cast
Films. For each P(3HB) film, 10 mL of CHCl 3 was used to dissolve 0.2 g of P(3HB) polymer. The solution was magnetically stirred at room temperature for 2 days and subsequently heated at 55
• C for 2 h. The solution was then poured into a glass Petri dish (5 cm diameter) and covered with perforated aluminium foil. The Petri dish was then kept in the dark at room temperature. Cast P(3HB) film was formed upon complete evaporation of the solvent. Similarly, 0.2 g of TiO 2 and 0.2 g of P(3HB) were added into 10 mL of CHCl 3 to cast P(3HB)-50 wt% TiO 2 film. The cast films were vacuum dried for a day and stored in the dark until later use. Figure 1 (b) exhibits the surface morphology of cast P(3HB)-TiO 2 film.
Characterization.
The morphology of the electrospun nanofibers was viewed under Leo Supra 50 VP scanning electron microscope (SEM). The samples were mounted on aluminium stubs, sputter-coated with gold for 15 sec, and observed under SEM at an acceleration voltage of 5 kV. SEM micrographs of 5,000x magnification were used to determine mean fiber diameter via Image Analyzer. A total of 100 fibers were measured to determine the mean fiber diameter. Oxford INCA 400 Energy dispersive X-ray (EDX) Microanalysis System was used to analyze the elemental distribution on both the cast and electrospun P(3HB)-50 wt% TiO 2 films.
Decolorization of MG via Adsorption, Photocatalytic
Degradation, and Photolysis. The MG solution was diluted to 1000x using distilled water. Petri dishes containing the fabricated electrospun and cast P(3HB)-TiO 2 films were filled with 15 mL of the diluted MG solution each. Dye adsorption analysis was studied by incubating these Petri dishes in the dark. Similar set of experiments were conducted by exposing the Petri dish to 3 different conditions, that is, solar irradiation, UV illumination, and fluorescent illumination. The source of UV illumination was from four 20 W black light tubes (λ = 365 nm). The photocatalytic reaction system was sampled at 15 min intervals for 2 h. The self-photolysis of MG was evaluated by exposing a Petri dish containing 15 mL of MG solution to sunlight in the absence of any film. The absorbance values of the initial MG solution (Abs init ) and periodically withdrawn samples (Abs sample ) were determined at 615 nm using a Jenway 6505 UV-Vis spectrophotometer. The solar light intensity was measured using Lux Meter ISO-TECH ILM350. The decolorization efficiency was expressed as 
Evaluation of COD Removal in MG Treated
Using P(3HB)-TiO 2 Nanocomposite Films. MG solutions subjected to solar photocatalytic decolorization in the presence of electrospun P(3HB)-50 wt% TiO 2 were sampled at every 15 min intervals for 2 h. The samples were filtered using 0.22 μm polytetrafluoroethylene (PTFE) membrane filters (Fisher Scientific). The COD values of the samples were determined by closed reflux and colorimetric technique according to the procedures in Standard Methods, Method No. 5220D [31] . Three milliliters of COD reagent and a small amount of mercury sulphate were added to every 2 mL of sample. Sample digestion was done in a COD reactor (HACH) at 150
• C for 2 h. The samples were then cooled to reach room temperature. A HACH DR/2010 spectrophotometer was used to measure the COD value of the samples at 620 nm.
Toxicity
Assay. Several batches of MG solution treated with electrospun P(3HB)-50 wt% TiO 2 were collected after 45 min of solar exposure for toxicity assay. Mosquito larvae, A. aegypti, were provided by the Vector Control Research Unit, School of Biological Sciences, Universiti Sains Malaysia. Twenty larvae from the third instar stage were transferred into paper cups containing 100 mL of the treated MG solution. Similarly, twenty larvae were transferred into cups containing untreated MG solution and dechlorinated tap water (control) each. The test organisms were fed on alternate days and reared under controlled laboratory conditions (25 • C and 18 : 6 light : dark photocycle). The mortality/survival of larvae and their transformation into pupae and adults were monitored for 14 days [32] . The toxicity assay was carried out in triplicate experiments and expressed as mean ± standard deviation (SD).
Results and Discussion

Adsorption Analysis.
The ability of cast and electrospun P(3HB) films to adsorb MG dye molecules were tested in the absence of light ( Figure 2 ). As expected both P(3HB) films were able to adsorb the dye from the MG solution. The electrospun P(3HB) film removed almost 78% of colour whereas cast P(3HB) film removed approximately 24% of the MG dye from the solution. The availability of surface area is one of the key aspects in the adsorption process for decolorization of the dye solution. According to Gupta and Suhas [33] , a good adsorbent ought to possess high porosity and large surface area so that adsorption equilibrium could be reached in shorter time. It has been well documented in the literature that electrospinning process produces nanofibrous network with high porosity, open 3D structure and high surface area to volume ratio [34] [35] [36] . Electrospun nanofibers are reported to have surface area which is approximately 1-2 orders of magnitude more than thin films [37] . In this study, the electrospun films exhibited almost 3-4 orders of magnitude more dye adsorption capacity as compared to cast films. These attributes coupled with the hydrophobic nature of the electrospun P(3HB) nanofibers made it an excellent adsorbent for MG. However, it should be noted that adsorption is merely a form of phase conversion of the dye pollutant [18] . Thus, TiO 2 photocatalysts were incorporated into the ultrathin P(3HB) fibers in order to combine both adsorption and advanced oxidation process (AOP) in a single system. In addition, the immobilization of TiO 2 also circumvents the cost and time involved in the photocatalysts recovery process [21] . In the presence of TiO 2 , the overall MG dye adsorption capacity of the films decreased. The electrospun and cast P(3HB)-50 wt% TiO 2 films only decolorized approximately 40 and 15% of the dye, respectively. Two possible reasons for the observed trend could be (i) the reduced surface area of P(3HB) substrate due to the presence of photocatalysts and (ii) the surface nature of TiO 2 which repelled the cationic MG dye molecules [38] . The possible mechanism involved in the adsorption of MG dye molecules on electrospun P(3HB) and P(3HB)-TiO 2 films is illustrated in Figure 3 . According to Bergamini et al. [39] , some dye molecules do not adsorb onto TiO 2 surface. The authors reported that the adsorption of Yellow 3, Red 51, and Blue 74 on TiO 2 surface was almost negligible. The P(3HB)-TiO 2 composite films could aid in bringing such dye molecules closer to the TiO 2 surface by adsorbing onto the P(3HB) polymer matrix to be degraded photocatalytically.
Photolysis and Photocatalytic Decolorization of MG under
Various Light Sources. The decolorization efficiency of MG was in the order of electrospun P(3HB)-50 wt% TiO 2 > cast P(3HB)-50 wt% TiO 2 > electrospun P(3HB) > cast P(3HB) under all the different light sources (Figure 4) . The synergistic effect of adsorption and photocatalytic degradation processes taking place on the P(3HB)-50 wt% TiO 2 films enabled it to more effectively decolorize MG as compared to P(3HB) films under irradiation. When TiO 2 particles are irradiated by UV light, electrons of the valence band are transferred across the band gap into the conduction band, creating electron/hole pair which then diffuses to the TiO 2 surface. They will react with water and surface hydroxide ions to produce hydroxyl radicals (·OH) whereas the electrons will react with adsorbed O 2 to produce superoxide radicals [40] [41] [42] [43] . These radicals are strong oxidizing agents but do not travel very far from the active centre of the photocatalyst [44] . The adsorption of MG molecules on the P(3HB) matrix could have allowed more dye substrate to be in proximity with these radicals and enhanced the overall dye decolorization rate. It could be reasonably inferred that the aforementioned mechanism had undermined the effect of poor adsorbance of MG onto TiO 2 particles. In general, the mechanism of photocatalytic decolorization of the dye using P(3HB)-TiO 2 films is presumed to follow the following steps: (i) migration of MG dye molecules in the fluid phase to the interface region of P(3HB)-TiO 2 film, (ii) adsorption of the MG dye molecules onto P(3HB) matrix, (iii) reaction of the adsorbed molecules with hydroxyl/superoxide radicals, (iv) desorption of the degradation products, and (v) removal of degradation products from the interface region. It is worth noting that a major drawback in TiO 2 photocatalysis is the rapid recombination of electron-hole pair which reduces the quantum yield of photocatalytic process. Kedem et al. [45] reported that the migration of photogenerated electrons from TiO 2 particles to inert domains suppresses the recombination of electron-hole pairs, hence, photocatalytic activity is enhanced. A more detailed study, however, is needed to prove such electron scavenging ability of P(3HB) domain in the P(3HB)-50 wt% TiO 2 nanocomposite.
The electrospun P(3HB)-50 wt% TiO 2 film exhibited decolorization efficiency at 1 to 2 orders of magnitude more than the cast film of similar composition. According to Yang et al. [46] , photocatalytic activity largely depends on the contact of organic substrate with the catalyst surface and interfacial charge transfer reaction. Therefore, the porosity and high surface area of the electrospun P(3HB)-50 wt% TiO 2 might have allowed more dye molecules to be in contact with TiO 2 particle surface. Additionally, the adsorption of dye molecules on the polymer matrix of P(3HB)-50 wt% TiO 2 fibers could have helped in bringing the dye molecules closer to the photocatalysts and enhanced the photocatalytic reaction altogether. The activation of photocatalysts strongly depends on the absorption of light photons by the catalysts. However, in most TiO 2 based photocatalytic reaction systems, the path length of photons in the aqueous system is greatly reduced in the presence of high amount of suspended catalyst particles and dye molecules [47, 48] . In the current method, the electrospun P(3HB)-50 wt% TiO 2 film could facilitate more light penetration into the aqueous system by immobilizing the catalyst and adsorbing the dye molecules. Thus, more light photons will reach the reaction sites of TiO 2 resulting in enhanced photocatalytic reactions. As for the P(3HB) films, electrospun films demonstrated higher decolorization rate under all the different illumination sources. Unlike the electrospun P(3HB) film, the cast P(3HB) films marked a fluctuating trend in MG decolorization indicating a constant adsorption/desorption process. It could be postulated that reversible adsorption occurs in the cast film owing to weak Van der Waals forces between the dye molecules and cast polymer surface [33] . The absence of such fluctuation in the electrospun P(3HB) film could be attributed to the better adherence or entrapment of dye molecules on this film owing to its open porous and 3-dimensional structure as compared to cast film.
The decolorization efficiency of the tested films was in the order of sunlight > UV light > fluorescent light. It is of interest to find that the decolorization efficiency of the films were best under sunlight when compared against UV and fluorescent light. This could be attributed to the additional contribution by self-photolysis of MG. In the absence of any film, decolorization of MG progressed slowly to reach approximately 12% at the end of 2 h solar exposure. MG undergoes a strong photolytic degradation reaction, resulting in the formation of highly persistent transformation products [49] . Apart from that, the increase in solution temperature during solar exposure could be another contributing factor for the rapid decolorization of MG under sunlight. The average temperature of MG solutions exposed to sunlight was approximately 55
• C whereas the MG solutions treated under UV and fluorescent light were kept at room temperature (25 • C). According to previous studies, although the increase in reaction temperature lowers the solubility of O 2 in water, the photodegradation effectiveness still increases owing to the increased collision rate of molecules in solution [50, 51] . Electrospun and cast P(3HB)-50 wt% TiO 2 films completely decolorized MG after 45 and 60 min of solar irradiation, respectively. These films gained their original white color at the end of the experiment indicating breakdown of the dye component by TiO 2 (Figures 5(a) and  5(b) ). The electrospun P(3HB) was also able to completely decolorize the MG dye after 90 min of solar irradiation as 
COD Removal.
In view of the effectiveness of the complete and rapid decolorization of MG using electrospun P(3HB)-50 wt% TiO 2 films under sunlight, the degree of MG mineralization was evaluated via COD removal ( Figure 6 ). It was found that the photochemical mineralization of MG showed a rapid increment, reaching a COD reduction of approximately 58.7% after 45 min which corresponded to 100% decolorization. The rapidness of the COD removal could be due to the synergistic effect of simultaneous adsorption and degradation of MG dye molecules on the surface of electrospun P(3HB)-50 wt% TiO 2 film. However, the remaining COD indicates the presence of colourless metabolites in the fully decolorized MG solution. Some metabolites that are far more toxic than the parent dye compound could be generated during photocatalytic degradation process [52] . Therefore, the fully decolorized MG solution was further evaluated for its possible toxicity. However, a complete COD removal could ensure absolute mineralization of dye compound and eliminate the risk of potential toxicity. Thus, the photochemical reaction was further extended to an additional 75 min under solar irradiation. The COD value remained stable at 60 min but subsequently exhibited gradual decrease. At 120 min, almost complete COD (∼97.8%) removal was achieved. These findings proved the capability of the electrospun P(3HB)-50 wt% TiO 2 film to efficiently mineralize MG dye molecules. The utilization of sunlight, good mineralization, and no sludge production via this method further strengthen its potential in dye waste treatment.
Evaluation of the Toxic Effects of MG Solution Using A.
aegypti. MG solution that reached 100% decolorization via treatment with P(3HB)-50 wt% TiO 2 was further analyzed for its toxicity. In this study, third instars of A. aegypti larvae were used as a tool to assess the toxic effects of MG and its possible by-products. A. aegypti, a macrobenthic invertebrate is the secondary consumer in a typical aquatic ecosystem [53] . It shows high sensitivity to various pollutants in water bodies such as heavy metals [54] , diazinon [53] , crude oil [55] , and lead [56] . The feasibility of A. aegypti larvae as a bioindicator owes to its short lifespan, easy rearing, and manipulation in the laboratory [54] . The life cycle of A. aegypti can be completed within one and a half to three weeks depending on environmental conditions [57] [58] [59] . As
International Journal of Photoenergy revealed in Figure 7 , the survival trend of A. aegypti over 14 days in decolorized MG solution and dechlorinated tap water (control) did not differ significantly. Approximately 80% and 95% of the larvae survived at the end of the experiment, respectively. The larvae underwent normal development and no delays in the emergence of pupae and adult were observed. In contrast, the development of A. aegypti larvae in the untreated MG solution was completely retarded. The transformation of the larvae into the next growth stage (pupae) did not take place throughout the experimental period. Furthermore, the survival rate of the larvae decreased with time, reaching 100% mortality at day 14. This indicated the deleterious effect of untreated MG on the aquatic fauna. This might implicate an ecological imbalance that could bring adverse effect on man and environment. The findings of this research suggests that the electrospun P(3HB)-TiO 2 film could offer an efficient, yet simple method for the decolorization and also detoxification of toxic compounds like MG.
Studies on the Re-Applicability of P(3HB)-TiO 2 Films.
The electrospun and cast P(3HB)-50 wt% TiO 2 films were tested for their re-applicability in decolorizing MG under solar irradiation. This was determined by evaluating the percentage of MG decolorization in ten consequent experiments using the same electrospun and cast film (Figure 8 ). The dispersion of every element on both films did not show any significant difference according to energy dispersive X-ray (EDX) ( Table 1) . The results obtained from decolorization experiments indicated that MG was decolorized to an extent of approximately 98.0% or more by electrospun P(3HB)-50 wt% TiO 2 nanofibrous film at every round of decolorization experiment. On average, the cast P(3HB)-50 wt% TiO 2 film showed a lower decolorization efficiency as compared to that of electrospun film. Furthermore, the decolorizing efficiency of the cast film exhibited gradual decrease from the fifth usage onwards reaching only 70.9% of decolorization at tenth repeated usage. Nonwoven randomly oriented nanofibers provide higher surface area to volume ratio, porosity, and 3-dimensional structure [60, 61] . The abovementioned characteristics may contribute to higher exposure of MG dye molecules to TiO 2 active sites. The intrinsic catalyst effect is also reported to be more pronounced when loaded in ultrafine fibers [62] . For these reasons, the electrospun P(3HB)-50 wt% TiO 2 film might have exhibited higher decolorization rate throughout the repeated usages as compared to the cast film. The morphology of both films was analyzed under SEM before and after ten rounds of MG decolorization experiments ( Figure 9 ). The electrospun P(3HB)-50 wt% TiO 2 film exhibited dramatic changes in the fiber morphology after 10 times usage. The fibers in the upper layer were seen to be clumped together and had a distorted shape. The fibers in the inner layer retained their original fibrous structure even after the 10 consequent decolorization experiments. However, breakage of the fibers were also seen to have taken place to a certain extend. These phenomena are most likely due to the oxidative nature of the free radicals produced by TiO 2 that could degrade organic materials [63] . Water hydrolysis could have also contributed to the decomposition of electrospun nanofibers. The high surface area to mass of electrospun film could have exposed more of the polymer matrix causing noticeable changes in its surface morphology compared to that of cast film. The surface morphology of cast P(3HB)-50 wt% TiO 2 film was not obviously different from its original form after repeated usage in ten cycles of photocatalytic experiments. But it is important to note that the cast films showed increasing weight loss after every decolorization experiment suggesting erosion of the film mass. EDX analysis on the films before and after ten repeated usages was carried out to study the changes in the elemental distribution (Table 1 ). It was found that there were no significant changes in the amount of titanium (Ti) and oxygen (O) in the electrospun P(3HB)-50 wt% TiO 2 film before and after ten repeated usages. However, there was significant difference in the weight percentage of carbon (C) in this film which could be attributed to the loss of polymer mass during the photocatalytic experiments. On the other hand, the cast film showed significant reduction in the amount of Ti and C after ten times usage. This might be caused by the bulk erosion of the photocatalyst containing polymer mass, which could have also contributed to the overall reduced decolorization activity.
Conclusion
The electrospun P(3HB) film exhibited excellent adsorption capability when tested against MG. Approximately 80% of the dye was removed in less than 2 h. The electrospun P(3HB)-50 wt% TiO 2 gave the highest decolorization activity under solar irradiation as compared to UV and fluorescent light. This film was able to completely decolorize the MG solution under 45 min of solar irradiation via simultaneous adsorption and photocatalytic degradation. When the solar irradiation was prolonged for 2 h, approximately 97.8% of COD removal was achieved in the MG solution in the presence of electrospun P(3HB)-50 wt% TiO 2 . The fully decolorized dye solution was also proved to be nontoxic to A. aegypti larvae. The electrospun P(3HB)-50 wt% TiO 2 was also found to be re-applicable in the decolorization of MG solution as it decolorized MG to an extent of approximately 98.0% or more at every round for ten consequent rounds of decolorization experiment. The electrospun P(3HB)-50 wt% TiO 2 could offer a simple and cheap, yet effective method for the decolorization and detoxification of toxic dyes like MG.
